Abstract Understanding the molecular and cellular mechanisms underlying tissue turnover and repair are essential towards addressing pathologies in aging, injury, and disease. Each tissue has distinct means of maintaining homeostasis and healing after injury. For some, resident stem cell populations mediate both of these processes. These stem cells, by definition, are self-renewing and give rise to all the differentiated cells of that tissue. However, not all organs fit with this traditional stem cell model of regeneration, and some do not appear to harbor somatic stem or progenitor cells capable of multilineage in vivo reconstitution. Despite recent progress in tendon progenitor cell research, our current knowledge of the mechanisms regulating tendon cell homeostasis and injury response is limited. Understanding the role of resident tendon cell populations is of great importance for regenerative medicine-based approaches to tendon injuries and disease. The goal of this review is to bring to light our current knowledge regarding tendon progenitor cells and their role in tissue maintenance and repair. We will focus on pressing questions in the field and the new tools, including model systems, available to address them.
Introduction
Tendons are a vital component of our musculoskeletal system. They transmit force from the muscles to the bones, permitting movement. Adult tendons are primarily composed of highly ordered type I collagen molecules and are surrounded by a paratenon or sheath, which reduces friction, allowing the tendon to move smoothly among its neighboring tissues [1, 2] . Tendons are highly prone to injury and it is estimated that millions of injuries occur each year, resulting in significant healthcare costs [3] . Their limited healing response poses significant clinical problems as traditional repair strategies often lead to inconsistent and undesirable outcomes [4] . After injury, tendons heal through scarring and have altered biomechanical properties, ultimately affecting their function [5] [6] [7] . One of the largest risk factors for tendon injury is aging, which is characterized by altered mechanical properties and slower healing responses [8-10, 11••] .
During vertebrate development, tendons form in all anatomic locations where muscle connects bone. Their embryological origins are distinct based on their position: cranial tendons are neural crest derived, axial tendons form from the paraxial somitic mesoderm, and the limb tendons arise from the lateral plate mesoderm [12] [13] [14] . Scleraxis, a basic helix loop helix transcription factor, is the earliest marker of tendon progenitors in all anatomic locations and is required for the normal formation of the limb force producing tendons [15] . In the limb, the tendon primordia form in several locations near the condensing cartilage structures and eventually connect the muscle and bone. As they organize and differentiate among the forming musculoskeletal system, they express the transcription factors Egr1, Egr2 (Lejard, 2011) and Mohawk (Mkx) [16, 17] , and tendon matrix components Tenomodulin (Tnmd) [18, 19] and type I collagen [20] . During these later embryonic and early postnatal stages, a rich collagen matrix is deposited and what began as a cellular structure transitions to a tissue primarily composed of extracellular matrix.
After birth, there are several changes to tendon cells and their surrounding extracellular matrix. Axially arranged collagen fibrils of the tendons grow in both length and diameter [21-23, 24•] . Cells within the tendon also shift in their morphology and number. Young tendons have many rounded cells that have been referred to as tenoblasts, while adult and aged tendons have fewer cells that are long and thin [11••, 25] . The elongated cells have been referred to as tenocytes or internal tendon fibroblasts and are less metabolically active than tenoblasts [26] . Recent studies of tail tendons using 3D electron microscopy have shown that cell body length decreases, but the surface area of tendon cells increases during postnatal growth stages [24•] . These cell shape changes occur while the cell-cell contacts are maintained and the collagen fibrils are increasing in diameter and length [24•] . This ultimately causes the internal tendon cells to adopt a stellate appearance and support the notion that tenoblasts become tenocytes as the animal ages [27] . Other studies have suggested that tenocytes can revert to tenoblasts following injury [28, 29] . However, due to a paucity of cell type specific expression markers and lineage studies, the definitive relationship between these cell populations during development and injury is unresolved.
Adult tendon structure is highly ordered, consisting of a hierarchy of collagen fibrils and fibers that form tendon fascicles with loose connective tissue between and around the fascicles. The tenocytes that reside within the collagen fascicles are thought to be a relatively homogeneous population of elongated cells with a high nuclear to cytoplasmic ratio [26, 30, 31] . Unlike the internal population, the loose connective tissue surrounding the collagen fascicles contains a more heterogeneous mix of vascular, nerve, and mesenchymal cells [4, 11••, 30, 32] . The mesenchymal cells or fibroblasts within the loose connective tissue are defined by the anatomical location within the tendon just as tenocytes are defined based on their location within the tendon fascicles. However, the origins of cell populations in the surrounding loose connective tissue are not fully elucidated and further research is needed to understand the function and contribution of these cells to tissue maintenance, growth, and repair.
Tendon Maintenance
Tissue homeostasis is driven by a combination of cell and matrix turnover to maintain normal steady state conditions. Tendons are thought to have very low turnover, which is hypothesized to limit their healing potential. Methods to measure tendon turnover have yielded halflife values ranging from 2 months to 200 years and can depend on the matrix molecule being analyzed [33] [34] [35] . A recent study utilizing nuclear bomb testing in the midtwentieth century as a means to examine tendon turnover in human populations gave more evidence for limited tissue renewal [36••] . The study concluded that Achilles tendons from people born before, during, and after the nuclear testing had very limited tissue turnover in adulthood. In fact, the 14 C content in their tendons correlated with the atmospheric concentration during growth (0-17 years of age), suggesting that collagen synthesis occurs primarily during this time frame and there is not significant tissue turnover at later stages of life. However, their findings describe the turnover for the entire tissue, containing extracellular and cellular components. The authors speculate that their findings cannot exclude the possibility of higher turnover in a small population of cycling cells or matrix molecules. Nevertheless, traditional methods to measure cell proliferation in rodents, including injections of thymidine analogs (e.g., BrdU, EdU) and immunostaining for cell proliferation markers (e.g., Ki-67 and PCNA), have revealed low cell proliferation within the internal fibroblast population during postnatal time points [3, 6, 19, 37, 38] , and with higher labeling within the paratenon [3, 19, 39] . The limited number of proliferative cells within the tendon at early postnatal stages is surprising as tendons are in an active state of growth. Although much of this growth has been attributed to expansion of the extracellular matrix, it has been suggested that cells proliferate within their channels along the tendon's longitudinal axis during these periods [24•] . Therefore, it may be necessary to utilize methods to detect small differences in turnover and proliferation rates, such as the doxycyclineinducible H2B-GFP reporter mouse [40] [41] [42] [43] , which has been shown to be much more sensitive than BrdU or EdU labeling, and multicolor Cre reporter mice (e.g., R26R-Confetti and R26R-Rainbow) [44] [45] [46] , which allow for analysis of clonal expansion without the necessity of BrdU or EdU incorporation during S-phase. These new tools may still reveal low cell proliferation rates compared to other tissues, but they will also provide greater insight with higher accuracy into the cellular dynamics of tendon cells during growth and maintenance.
Although tendons appear to have modest turnover, they are sensitive to mechanical stimulation and react to changes in physical activity [47, 48] . During exercise, tendon cells become metabolically active, which corresponds with increases in tendon mass, cell density, and cross sectional area [49, 50] . Exercise also augments cell proliferation, as identified by BrdU labeling in specific regions of the tendon near muscle and bone attachments [39] . However, co-expression studies are necessary to determine which specific cell populations are dividing and responding to changes in physical activity. In general, exercise appears to have a positive effect on tendon characteristics with increases in expression of tendonassociated genes, Scx, Tnmd, and Col1a2 [49] , and proliferation and collagen production capacities in culture (Zhang, 2010) . Exercise also stimulates collagen production in human tendons, increasing by 6 h and peaking at 24 h after activity [34, 51] . In contrast, overloading or unloading the tendon results in pathological degenerative changes to the tendon tissue [52] [53] [54] . In both scenarios, there is upregulation of matrix degrading factors and a shift in the distribution of matrix components [55, 56] . Some studies have indicated that the change in matrix is due to altered cell metabolism rather than explicit gene expression changes [57, 58] . However, other studies have demonstrated increases in insulin-like growth factor 1 (IGF-1) and in cartilage program gene expression during overuse conditions [59, 60] , and this may underlie the metabolic and extracellular matrix changes that are observed. Nevertheless, the tendon cells appear to be active participants in the regulation and maintenance of tendon tissue in response to changes in physical activity.
Aging is a significant contributor to tendon degeneration and injury. The pathogenesis of this process is not well understood, and many groups have investigated the matrix, mechanical, and cellular changes that occur with aging. As an animal matures, tendon tensile strength increases and healing capacity diminishes [61] [62] [63] [64] . Increased tendon stiffness is reported between children and adults [65] , and in aging, increases and decreases in stiffness have been observed [66, 67] . Cellular aging can involve genetic, epigenetic, metabolic, and proliferative changes as well as senescence and stem cell exhaustion [68] [69] [70] . Studies have shown that aged tendons have fewer cells, decreased collagen fiber alignment, and altered extracellular matrix [10, 11••, 25, 71] . Cultured progenitor cell populations from aged tendons display reduced proliferation, altered differentiation capacities, and increased expression of senescence associated genes such as p14 ARF and p16 INK4A [68, 72] . Recent research also described a role for microRNAs in regulating tendon cell senescence in cell culture [73] . However, several questions remain regarding the underlying cause of the age-related degenerative changes and which changes initiate the decline in the tissue. A better mechanistic understanding of the native cellular processes that contribute to tendon aging is necessary to address the end-stage degenerative phenotype seen by clinicians. Moving forward, in vivo models of aging coupled with genetic lineage and conditional loss of function studies can be employed to better understand the molecular changes that occur to resident cell populations with age.
Injury Repair Mechanisms
Each tissue has distinct modes of regulation for their recovery and repair following injury. In the classical stem cell hierarchical model, a stem cell activates following injury, proliferates, and differentiates to make multiple cell types [42, 45, 74] . The skin and intestine are classical examples of such a hierarchy and have been excellent model systems to address many questions in regenerative biology. Within each of these systems, the stem cells reside in a distinct location termed a niche, which can regulate the maintenance and activity of stem cell populations [75] . Other tissues, however, utilize different mechanisms for repair. Specialized cells of the liver and pancreas can divide and replenish lost cell types after injury, but stem cells capable of multilineage repopulation have not been identified for these tissues [76, 77] . In contrast, organs such as the heart have very limited repair abilities. The existence of stem cells that maintain and repair these tissues is controversial, and differentiated cell populations are thought to be primarily responsible for the limited proliferation and repair that does occur [78] . In addition, injury can often result in tissue fibrosis, which can impede organ function [79, 80] . In the tendon, we understand very little about the cellular mechanisms governing the repair process. In efforts to identify tendon stem cells in the adult tendon, cells from human and mouse tendons were isolated in culture, clonally expanded, and characterized. These cells express subsets of mesenchymal stem cell markers, retain multilineage differentiation potential, and can be clonally and serially propagated to form tendon-like tissue after transplantation [11••, 70, 81, 82] . Although these populations display potent progenitor characteristics in culture, we know much less about the origin, identity, and activity of these cells during homeostasis and injury in vivo.
In understanding the identity of the cells involved in the injury response, it is important to focus on the anatomy of the tendon itself (see Fig. 1 ). The cell populations contributing to repair have been described to arise from intrinsic and extrinsic origins [83] [84] [85] [86] [87] [88] [89] [90] , but the true contribution of each population to the healing response has not been clearly defined. Intrinsic cells are typically defined as the tenocytes or internal fibroblasts residing within the collagen fascicles (Fig. 1, green  cells) [30] . The extrinsic cell populations include cells within the loose connective tissue surrounding the tendon (epitenon and paratenon), within the outer tendon sheath, or neighboring blood vessels (i.e., perivascular cells) and inflammatory cells (Fig. 1, red and black cells) [4, 11••, 91] . Extrinsic cell populations are thought to be the first mesenchymal cell populations to respond during the inflammatory phase of the healing response [4, 6, 92] . During later stages of repair and remodeling, it has been suggested that intrinsic cell populations participate in the healing process and produce larger and more aligned collagen fibers [4] . Because of the lack of biological tools to genetically label the appropriate cell populations and perform detailed lineage tracing analysis, the relationship and contribution of these lineages are unclear.
Transgenic murine models permit the spatial and temporal labeling of distinct cell populations for lineage tracing and functional studies. Recent work using an alpha smooth muscle actin Cre reporter system (αSMA-CreERT2; R26R-tdTomato) showed that SMA-labeled cells from the paratenon or perivascular regions are the main responders to a fulllength, central defect in the patellar tendon [93••] . These cells were discovered to form a collagenous bridge over the anterior surface of the defect while also infiltrating the adjacent tendon struts, leading to hypercellular and disorganized tissue in these regions. These cells also are proliferative and express tendon markers, including Scx-GFP, Fibromodulin, and Tenascin C [6, 93••] . Consistent with these findings, increased tendon growth in a different injury model appears to arise from the superficial surrounding layers of the tendon [94•] . These observations may be comparable to the response of the periosteum in bone fracture healing, where the surrounding periosteal cells can be activated following injury to form chondrocytes in the fracture callus and osteoblasts in the healed bone [95] [96] [97] [98] Together, these studies point towards an extrinsic cell population from the surrounding connective tissue that activates following injury to contribute to the repair response. However, it is unclear from these data if this is the only responding cell population, and several scenarios are still possible. The extrinsic population could function similar to a stem or progenitor cell model where relatively quiescent cells are activated to reconstitute the tissue following injury. Alternatively, intrinsic and extrinsic cells may also contribute at different stages to the long-term repair of the tissue. In addition, it has not been tested whether a sub-population of mesenchymal cells, that do not turn on Scx or other tendon markers, instead contribute to fibrosis as in heart and kidney models [99] . Lineage tracing studies using multispectral clonal labeling and the development of tendon or pericyte cell-specific Cre lines are necessary to better delineate the specific cell contributions to tendon healing in both acute and chronic injury models.
Regenerative Model Systems
As the musculoskeletal field transitions from reparative to regenerative medicine, researchers are attempting to gain insight from animal models that display either improved healing or true regenerative capabilities. These models include the salamander (e.g., axolotl and newt), zebrafish, and Murphy Roths Large (MRL) mouse. Zebrafish and axolotls share similar modes of regulation of their musculoskeletal tissues with humans [100] [101] [102] [103] and have very robust regenerative potential. The MRL mouse is the parent and control strain for MRL/ MpJ-Fas lpr mouse, which has systemic lupus erythematosus and Sjorgren syndrome [104] . These mice display improved healing capacity in some, but not all, injury models [105] [106] [107] [108] [109] [110] [111] [112] . Investigators hope that their discoveries in these systems can be applied to humans to improve repair outcomes and achieve true regeneration. From these models several key unifying concepts have begun to emerge that have the potential to guide tendon repair strategies in humans.
Examination of epimorphic regeneration in salamanders has led to a greater understanding of cell-specific lineage relationships during the regenerative process. An adult axolotl can entirely re-grow an amputated limb, and this process begins with epithelial closure of the wound site and formation of Fig. 1 Research questions and unmet needs related to the biology of resident cell populations in tendon. Several mesenchymal cell types have been identified based on their anatomical location within and around the tendon. These cell types include the following: (1) the internal tendon fibroblasts (green) situated between collagen fibers within the tendon fascicles, (2) the endo-, epi-, and paratenon fibroblasts (red) found within the loose connective tissue surrounding the collagen fascicles, and (3) the perivascular cells (black) surrounding vessels in and around the tendon. While identifying these populations based on their location is clear, we have less understanding of the phenotypical differences between these cell populations and the markers to discriminate between them. In this figure, we have provided a schematic for the anatomical positions of these cell populations. We have also outlined the pertinent research questions related to each population and the unmet needs that should be addressed in the tendon cell biology field moving forward a blastema [113] [114] [115] [116] . The blastema is composed of undifferentiated cells that will give rise to the newly formed limb tissues. Although these cells were once thought to be homogeneous in nature, a pivotal study by Kragl et al. demonstrated that cells within the blastema retain a memory of their tissue of origin. The blastema cells are restricted in their ability to contribute to new tissues and limb regeneration does not involve dedifferentiation of cells to a pluripotent state [113] . Lineage restriction was also observed in the zebrafish and mammalian models using similar lineage tracing strategies [46, 117, 118] . Studies examining endogenous mesenchymal populations in mouse bone marrow also discovered lineage restriction in vivo compared with their in vitro potential [119] . Although there are major differences between tendon and bone injury repair and epimorphic limb regeneration, these studies highlight how lineage relationships can impact our understanding of progenitor cell potential. Furthermore, understanding the cues that direct regeneration of a new functioning tendon tissue from undifferentiated progenitor cells would be useful for tissue engineering based regenerative approaches.
Work in regenerative organisms also points to participation from multiple cell types in the regenerative process. In particular, inflammatory cells have been shown in multiple systems to be important for repair or regeneration to occur. In axolotl, depletion of macrophages and other phagocytic cells will disrupt regeneration after the wound closure stages, resulting in fibrosis and aberrant gene expression in the failed stump [114] . In addition, macrophages were found to actively clear senescent cells from normal and regenerating salamander limbs, suggesting an important role for these cells in maintaining regenerative potential [120] . A role for macrophages has also been described for zebrafish tailfin regeneration [121] . However, macrophages have been implicated in having a detrimental role in mammalian tissue repair and in contributing towards fibrosis [122] . In fact, a reduced inflammatory response may contribute towards improved healing outcomes in MRL mouse injury models [123, 124] . The mechanism contributing towards their improved healing response is not well understood, although genetic mapping has identified cell cycle regulators [125, 126] . Tendon injuries in MRL mice have an improved healing response with increased mechanical properties and cell proliferation and a reduction in the macrophage response [124] . Distinct macrophage populations have been shown to infiltrate mammalian tendon tissue at specific stages after injury along with differential regulation of pro-inflammatory cytokines [127] . In addition, much work has been done examining the role of cytokines in tendon cell behaviors [128] . It is likely that macrophages and the inflammatory response is necessary for clearance of dead or dying tissues, but prolonged activity and secretion of cytokines could result in negative fibrotic or degenerative effects. In order to define the specific roles of the macrophage populations, temporally and spatially specific loss of function studies are necessary during normal, injured, and aged conditions. It is also possible that the cell proliferation changes may play a role in the differences that were observed. Future work with the MRL mouse model will expand our understanding of improved tendon healing responses in a mammalian genetic system.
The zebrafish is another regenerative model system that has garnered a great deal of attention for its ability to robustly regenerate characteristically non-regenerative tissues such as the heart and nephrons of the kidney [129, 130] . Manipulation of pathways discovered in zebrafish cardiac regeneration have been found to improve heart functionality after injury in mice, demonstrating that knowledge gained from fish can impact mammalian injury outcomes [131] . Recent work has begun to describe zebrafish tendons [102, 132] , and future work is aimed at understanding the regenerative potential of their tendon tissues. The ability to perform functional and live imaging studies in the zebrafish along with advances in axolotl genetic manipulations and the MRL mouse model [133, 134] will undoubtedly lead to new knowledge of the basic mechanisms underlying tendon regenerative biology.
Conclusion
As researchers continue to develop better in vivo genetic models for identifying resident progenitor cells in tendons, the next step will be to understand the manner by which these cells contribute to tendon development, growth, and repair (Fig. 1 ). It will be important to determine if the resident progenitors are situated in specific regions of the tendon and subject to regulation by their surrounding environment or niche. It will also be essential to understand the specific pathways and additional cell types that regulate their behaviors during changes in physical activity and aging. Many of these questions can be answered with detailed lineage tracing analysis and conditional knockouts of key functional genes. Comparisons between regenerative and nonregenerative model systems will also provide new perspectives on repair mechanisms and candidate pathways to test in improving injury outcomes. By performing these studies in vivo with genetic and regenerative model systems, we will gain valuable information about the endogenous phenotypes of these resident populations and provide key design criteria for future therapeutic strategies.
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